Map showing location of study and model areas, drainage, population centers, and major well fields 2 2. Generalized section showing the distribution of hydrogeologic units 9 3. Hydrographs of mean monthly water levels for wells Co-1 (1932 Co-1 ( -1978 and Co-45 (1971 Co-45 ( -1981 Multiply inch-pound inch (in.)
foot ( 
VI

INTRODUCTION
A project was done by the U.S. Geological Survey in cooperation with the Susquehanna River Basin Commission as part of their Special Ground-Water Study funded through the U.S. Water Resources Council. The objective of the Special Ground-Water Study is to determine the availability, distribution, and quality of the ground-water resources in the Susquehanna River basin. The objectives of the study addressed In this report are to:
1. Conceptualize and quantify ground-water flow in a complex aquifer system; and 2. Provide a means of evaluating the general impact of potential stresses on the aquifer system.
The area along the Susquehanna River between Berwick and Bloomsburg in Columbia County was selected for a modeling study because: (1) it is underlain by a carbonate-rock aquifer of regional importance as a present and potential source of water for municipal, commercial, and industrial use; (2) significant amounts of ground water are presently withdrawn in the area and additional ground-water development is predicted; and (3) data collected as part of an investigation of the ground-water resources of Columbia County and surrounding
Methods of Investigation
Hydrogeologic data were collected to define the characteristics of the aquifers and ground-water flow system. Locations of data-collection sites are presented on plate 1. Data collected from 83 wells and test holes included: (1) geologic and geophysical logs, (2) ground-water levels, (3) pumpage, (4) aquifer tests, and (5) field determinations of water quality. Data for wells and test holes are presented in table 1.
Data were collected from an additional 700 wells and test holes in the surrounding area (Williams and Eckhardt, 1987) . As part of the U.S. Geological Survey ground-water level monitoring program, in cooperation with the Pennsylvania Geological Survey and the Susquehanna River Basin Commission, continuous water-level records have been obtained at well Co-45 since 1971 and water levels were measured weekly at well Co-1 from 1932 to 1978. Synoptic measurements of water levels were made in about 30 wells and test holes on December 22, 1980 , April 29 and December 8, 1981 , and April 22, 1982 (table 2) . In addition to well Co-45, ground-water levels were continuously recorded at nine sites for varying lengths of time from August 1980 to June 1982. Low-flow discharge measurements were made at eight stream sites on August 2-3, 1982.
The hydrogeologic data were discretized and a numerical model of groundwater flow was constructed. 
HYDROGEOLOGY
The study area is underlain by clastic and carbonate rocks of Silurian and Devonian age. Glacial-outwash sand and gravel of late Wisconsinan age overlie the bedrock along the Susquehanna River and Fishing Creek. The study area is on the southern limb of the Berwick anticlinoriura, which trends N70E. The bedrock dips 30 to 40 degrees to the southeast. The underlying geologic units have been grouped into hydrogeologic units according to lithology (table 3) . The areal distribution of the hydrogeologic units are presented in plate 2. Figure 2 presents a generalized section of the hydrogeologic units.
In the bedrock aquifers, water is stored in and flows through secondary openings such as fractures and bedding-plane separations. Weathering of carbonate material greatly enhances development of secondary permeability. In 1970 1940 1944 1964 1946 1950 1964 1966 1972 1967 1966 1967 1966 1977 1970 1973 1973 1972 1976 1970 1970 1967 1974 1978 1979 1979 1979 1979 1979 1979 1968 1966 1977 1967 1966 1980 general, wells completed in aquifers containing carbonate rocks have specific capacities (well yields in gallons per minute per foot of drawdown) that are an order of magnitude greater than those wells completed in clastic-rock aquifers (Williams and Eckhardt, 1987) .
The number and size of secondary openings in the bedrock aquifers decreases with depth because of the increase in overburden pressure and decrease in weathering activity. Temperature gradients measured in deep wells generally approach the geothermal gradient at depths greater than 300 ft, indicating that most ground-water flow occurs within 300 ft of land surface (Williams and others, 1984) . Drillers' data suggest that the vertical spacing between waterbearing zones increases more rapidly with depth in clastic rocks than in aquifers containing carbonate rock. The average vertical spacing between waterbearing zones within 300 ft of land surface is about 65 ft for clastic-rock aquifers and 55 ft for interbedded clastic and carbonate rock and carbonate-rock aquifers. The average vertical spacing between zones from 300 to 600 ft below land surface is 185 ft for clastic-rock aquifers and 120 ft for aquifers with carbonate beds.
In addition to lithology and depth, topography has a major influence on the distribution of permeability in the bedrock aquifers. Median specific capacities grouped according to lithology for wells drilled in valleys are approximately 2 to 10 times greater than those for slope wells and 3 to 20 times greater than for upland wells (Williams and Eckhardt, 1987) .
The bedrock aquifers have greater permeability along the direction of bedding strike than the across strike direction. Data from continuous waterlevel recorders indicate that cones of depression from major well fields migrate along the general bedding strike for distances of 1,000 to 3,000 ft, whereas high-yielding wells located across bedding strike as close as 500 ft apart may not show significant interference. A multiple-well aquifer test Predominantly interbedded gray to dark gray siltstone and shale; with considerable sandstone in the upper part and shale in the lower part.
Dark-gray shale; interbedded with siltstone in the upper part.
Interbedded, argillaceous limestone and calcareous shale, dark gray, fossiliferous.
Greenish to dark-gray shale, locally calcareous; some calcareous and fossiliferous siltstone beds in the upper part.
Dark-gray fissile shale, pyritic and carbonaceous.
Interbedded gray agrillaceous limestone and calcareous shale in upper part gray to dark-gray noncalcareous to very calcareous shale in lower part.
Variable lithologic sequence, consisting of dark-gray, slightly calcareous chert, locally sandy and fossiliferous in the upper part; dark-gray, calcareous shale in the middle part; dark-gray, fine-to coarse grained cherty, fossiliferous limestone at the bottom.
Gray to bluish-gray limestone, fine-to coarse-grained, thin-to thick-bedded; laminated, argillaceous and dolomitic in the upper part; coarse grained and highly fossiliferous in the middle part; nodular, argillaceous and fossiliferous in the lower part; calcareous shale interbeds crease in frequency in the upper part.
Laminated ; gray to dark-gray, finegrained limestone; considerable dolomitic limestone and dolostone in the lower part; calcareous shale interbeds increase in frequency and thickness toward base.
Interbedded calcareous shale, argillaceous dolostone and limestone, and calcareous siltstone; gray, yelllowish-gray and greenish-gray in the upper part; varigated greenish-gray, yellowish-gray, grayish red purple in the lower part.
Grayish-red shale with interbeds of grayish-red siltstone, calcareous in part a 30 foot thick interval of grayish-red sandstone in the upper part.
Dark-gray limestone and calcareous shale in the upper part; dark-gray calcareous shale with interbeds of coarse-grained limestone in the middle part; light gray quartzitic sandstone and siltstone with interbeds of greenish-gray shale in the lower part.
Interbedded shale, limestone, and sandstone; mostly gray to greenish-gray.
Reddish-purple hematitic sandstone, with interbeds greenish-gray to reddish purple shale in the upper part.
Greenish-gray shale; with interbeds of gray, calcareous and reddish-brown, hematitic sandstone. involving five closely-spaced, shallow wells completed in interbedded carbonate rock and shale showed that about six times more drawdown occurred along bedding strike than across strike.
In the outwash sand and gravel, water is stored in and flows through primary openings between individual grains. Permeability largely depends on grain size and sorting. Thicknesses of sand and gravel penetrated in wells and test holes, as shown on plate 2, are highly variable. The outwash is only locally saturated and the saturated thickness is generally less than 20 ft.
The degree of hydraulic connection between individual water-bearing zones in the bedrock and between the bedrock and sand and gravel aquifers is variable. There are no well-defined confining beds, although zones of unfractured bedrock serve as effective confining units complicating the flow system. In general, the aquifers combine to act as a single, complex, water-table system. The water table is a subdued expression of topography and ground-water divides generally follow the topographic divides.
Recharge to the aquifer is primarily from the infiltration of precipitation. Ground-water flows in the direction of decreasing water-table altitude or, in general, from areas of higher to lower altitude. The Susquehanna River and its tributaries serve as discharge areas for the ground-water flow system. Recharge occurs in all areas upgradient from these discharge areas. In areas where the water table is near to the land surface, some water may be lost as ground-water evapotranspiration.
Base-flow separation of surface-water hydrographs commonly is used to estimate ground-water recharge for drainage basins. Base flow is assumed to equal recharge. Estimates of recharge from such methods do not consider consumptive use of ground water or ground-water evapotranspiration. Estimates of groundwater discharge could not be made directly for the study area. However, estimated ground-water discharge is available for basins in the Appalachian Mountain section of south-central Pennsylvania that contain the Silurian and Devonian stratigraphic sequence. Taylor and others (1982) and Johnston (1970) estimate an average ground-water discharge of 10 in./yr (inches/year) and 8.2 in./yr for the Juniata River and Bixler Run basins, respectively.
Ground-water flow primarily occurs in localized, shallow systems. However, some water does follow deeper flow paths to discharge areas. In the slope area, the deeper water-bearing zones generally have the deepest water levels. Conversely, in the terrace area, deeper water-bearing zones have the highest water levels* This indicates the potential for downward and upward flow between deep and shallow zones in the slope and terrace areas, respectively.
The water table, as indicated by water levels measured in wells, fluctuates in response to changes in recharge to and discharge from the aquifers. Waterlevel fluctuations primarily are caused by seasonal variations in recharge. The highest and lowest mean monthly water levels in wells Co-1 and Co-45 occur, respectively in early spring (March-April) and early fall (September-October) ( fig. 3 ). Water levels in some wells also show the effects of changes in discharge from the aquifers due to pumpage. 
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MODEL DEVELOPMENT Simplifying Assumptions
A number of simplifying assumptions were made concerning the distribution of hydraulic conductivity and storage in the aquifers during the development of the numerical model. These include the following:
1) The relationship between the scale of modeling and the distribution of hydraulic conductivity and storage in the aquifers in such that a porous media model (Trescott, 1975 ) could be applied.
2) The depth of significant hydraulic conductivity and storage in the aquifers is 600 ft below land surface. The upper 300 ft of aquifer has higher hydraulic conductivity and storage values than the lower 300 ft; the ratio of upper to lower layer values decreases with increasing content of carbonate rock.
3) The ratio of hydraulic conductivity along and perpendicular to bedding strike is greater for aquifers containing carbonate rock than for shale aquifers.
4) The increase in transmissivity and specific yield due to the presence of saturated sand and gravel is proportional to its thickness and can be determined from a weighted average of sand and gravel and bedrock values.
Figure 5 presents a generalized section of the simplified distribution of the hydrogeologic units. The aquifers have been divided into two layers, each of which is 300 ft thick. The base of the aquifers is 600 ft below land surface. Bedrock within the same hydrogeologic unit and layer is assumed to have uniform hydraulic conductivity and storage properties. The Wills Creek unit is subdivided into two units to approximate the gradational increase in shale content toward its base. The glacial-outwash unit is lumped with the underlying bedrock unit. Model Selection, Design, and Construction
The three-dimensional, finite-difference model used in this study is a modified version of the model presented in Trescott (1975) , Trescott and Larson (1976) , and Gerhart and Lazorchick (1988) . Major modifications to the original Trescott model are listed below. Additional discussion of the model modifications are included under the appropriate hydrologic variables.
1. Incorporation and extension of the input changes of Gerhart and Lazorchick (1988) , which permit the entry of certain aquifer characteristics by hydrogeologic unit and their subsequent modification by topographic setting.
2. Addition of head-dependent flow conditions, including evapotranspiration, stream leakage and boundary flow. Program modifications were taken in part from Gerhart and Lazorchick (1988) .
3. Inclusion of a method to simulate a thin, discontinuous layer of saturated sand and gravel. This method calculates block transmissivity and specific yield from a weighted average of the sand and gravel and bedrock aquifers values.
4. Addition of a modification that allows for recharge and evapotranspiration rates to be entered for each transient-simulation period.
5. Addition of the modification of Gerhart and Lazorchick (1988) to print out stream and boundary flow for each block.
The finite-difference grid used in the model is presented in plate 4. The grid consists of a lower and upper layer with 798 active blocks in each. The grid blocks are 600 ft on a side and 300 ft thick. Two layers were used in order to approximate vertical changes in aquifer characteristics. The grid was aligned along bedding strike so anisotropic permeability conditions could be incorporated into the model.
The northern boundary of the model area is the outcrop of the Bloomsburg shale. The boundary was simulated as a head-dependent flow boundary, which allows for steady-state flow across the model border depending on the head in the boundary blocks. No-flow, boundary conditions were used to simulate the western, eastern, and southern borders of the model area. The western and southern model borders generally correspond to the western bank of Fishing Creek and the middle of the Susquehanna River, respectively. The eastern boundary was modeled at a topographic divide in the Bloomsburg shale. The Susquehanna River and Fishing Creek were simulated as head-dependent, streamleakage blocks. The smaller tributaries to the Susquehanna River also were simulated as head-dependent, stream-leakage blocks.
Steady-State Calibration
The model was calibrated under average, steady-state conditions for 1981, Annual-average conditions were used because at no one time can the ground-water system be considered to be at steady state. However, during a period in which the change in ground-water storage is minimal, average, steady-state conditions may be assumed. As shown by hydrographs of wells fig. 3) , the average change in ground-water storage was minimal between the beginning and end of 1981.
The calibration procedure consisted of adjusting the various hydrologic variables within certain ranges estimated from field data to produce a consistent and reasonable representation of the ground-water flow system. In general, hydraulic-conductivity values and stream-leakage coefficients were adjusted to produce the best match with observed water levels and measured low flows. The water-table altitude map (plate 3) was assumed to represent average, water-level conditions for 1981. Low flow measured on August 2-3, 1982, was assumed to generally represent steady-state, base-flow conditions in the small streams, although transient ground-water withdrawal during 1981 and 1982 do not permit a direct comparison. In addition, average base flow for 1981 is probably slightly lower because water levels measured in wells Co-45, Co-305, and Co-452 at the time of the low-flow measurements averaged about 1 ft higher than their average levels for 1981,
Hydrologic Variables
Hydrologic variables entered as data input to the model are given in table 4. Variables relating to aquifer geometry, hydraulic conductivity, stream leakage, recharge, evapotranspiration, pumpage and boundary flow are discussed in the following sections. Aquifer-storage coefficients are not used in modeling steady-state conditions and are discussed under transient calibration. The matrix GRND is the average of land-surface altitudes taken from U.S. Geological Survey 7-1/2 minute quadrangle maps at four equally spaced points within each grid block. Grid-block, land-surface altitudes range from 455 to 685 ft above sea level. The GRND matrix was not input directly into the model but was used to compute the BOTTOM and BOWC matrices.
The STRT matrix was discretized from the water-table altitude map (plate 3). The STRT matrix represents average, water-level conditions 1981 in the upper layer; however, for convenience, the matrix is used as the altitude of aquifer head for both the upper and lower layer at the start of simulation. Simulated aquifer heads for the upper layer were compared to the STRT matrix during calibration.
Each grid block was assigned to a bedrock hydrogeologic unit defined in the IZN matrix. The discretized bedrock unit maps of the upper and lower layers are presented in plate 5. Figure 6 presents a generalized section showing the discretized distribution of hydrogeologic units. The bedrock unit assigned to a grid block in the lower layer was not necessarily the same unit as in the upper layer because of dipping beds. Bedrock units in the upper layer were offset in the lower layer according to the structural dip. Depth-to-bedrock data (plate 3) were used to define the altitude of the saturated sand and gravel-bedrock contact (BOWC matrix) for each grid block that contains the glacial-outwash hydrogeologic unit. The discretized distribution of the outwash aquifer is shown in plate 5.
The thickness of the lower layer, BZL, was defined as 300 ft. It is assumed that significant permeability generally does not exist below a depth of 600 ft (the bottom of the lower layer).
Hydraulic conductivity
Hydraulic-conductivity variables include the following: outwash hydraulic conductivity (POWC); bedrock hydraulic conductivity perpendicular to bedding strike, parallel to bedding strike and the vertical direction in the lower layer (KXL, KYL, and KZL), and in the upper layer (KXU, KYU, and KZU); and topographic-setting multipliers (PMULT). The hydraulic conductivity was adjusted during steady-state calibration on a hydrogeologic unit and topographic basis.
Hydraulic conductivity was estimated for each hydrogeologic unit from the specific-capacity data presented in Williams and Eckhardt (1987) . The specific-capacity data, which included 80 aquifer tests from one to 72 hours in duration, were adjusted to a common 24-hour pumping period using the following equation:
where ASC = specific capacity adjusted to 24-hour pumping period, in (gal/min)/ft; SC =* specific capacity, in (gal/rain)/ft; and PP = pumping period, in hours.
The equation is based on the reduction in specific capacity observed in 11 wells that were pumped for 24 hours or longer. The transmissivity (hydraulic conductivity multiplied by saturated thickness) of each hydrogeologic unit was estimated from the median values of the adjusted specific capacity data by a method described by Walton (1970) . The hydraulic conductivity of the outwash aquifer (POWC) was calculated by dividing the estimated transmissivity by the median saturated thickness of sand and gravel penetrated by wells in the outwash.
Average hydraulic conductivity of the upper layer of the bedrock units were estimated by dividing the transraissivity by the median saturated thickness for each unit. The average hydraulic conductivity of the lower layer of each bedrock unit was estimated from the upper layer value. The following upper to lower layer ratios were assumed based on the percentage of carbonate rock in the hydrogeologic unit: Mahantango and Bloomsburg, 10 to 1; Onondaga-Old Port, upper Wills Creek, lower Wills Creek, 6 to 1; and Keyser-Tonoloway 4 to 1.
Directional bedrock hydraulic conductivity of the lower layer (KXL, KYL, and KZL) and upper layer (KXU, KYU, and KZU) was estimated from the average hydraulic conductivity. A 3-to-l ratio for hydraulic conductivities along and perpendicular to the bedding strike was assumed for shales (Mahantango and Bloomsburg) and 6 to 1 ratio for all other aquifers that contained some carbonate rock as well as shale. The directional values were calculated so as to preserve the average hydraulic conductivity of the unit. The vertical hydraulic conductivity for each bedrock aquifer was assumed to be equal to the minimum horizontal value, KXU and KXL.
The bedrock hydraulic conductivity of each block was modified according to its topographic setting (TOPO) by PMULT, a topographic setting multiplier. PMULT was estimated from the specific-capacity data grouped according to topography and lithology.
A program modification was added to simulate the presence of a thin, discontinuous outwash aquifer without adding a separate layer. In grid blocks where saturated sand and gravel were present, the block, transraissivity was calculated by summing the outwash and bedrock, transraissivities.
Base values of hydraulic conductivity, directional bedrock hydraulic conductivity, and topographic multipliers were adjusted during calibration on a hydrogeologic unit basis. Block to block adjustment of hydraulic conductivity was not done.
Stream leakage
Surface-water and ground-water interaction was simulated using a headdependent stream-leakage modification. The program modification allows for stream-aquifer flow within a grid block, the magnitude of which depends on the difference between a constant stream-stage altitude and aquifer head. Model input that define stream leakage include the following: stream-leakage coefficients for gaining stream (RCG) and losing stream (RCL) conditions, altitude of constant stream stage (RHSS), and altitude at which the aquifer becomes hydraulically detached from the stream (KB). In the following discussion, stream refers to any surface-water body.
Discharge from the aquifer to streams (gaining conditions) may be directly to the stream through the streambed or in the form of seeps and springs at the streambank or adjacent to the stream. The rate of discharge, therefore, depends on streambed length and width, streambank length and height, and effective width of the stream-discharge area, as well as local aquifer characteristics and head gradient. All factors, except for the difference in head between the stream and aquifer, were incorporated in the gaining stream-leakage coefficient. RCG, the gaining coefficient was computed by the following equation:
where RCG = stream-leakage coefficient for gaining stream conditions; ARB = arbitrary multiplier adjusted during calibration, the value is the same for all grid blocks; PER = perimeter of stream; WAT = stream type factor (Susquehanna River, 25; Fishing Creek, 10; lakes, 5; small streams, 1); STR = angle between stream trend and bedding strike (0°-parallel, 90°-perpendicular); ACQ = bedrock aquifer characteristics (Mahantango and Bloomsburg, 1; lower Wills Creek, 2; upper Wills Creek, Onondaga-Old Port, 3; Keyser-Tonoloway, 5); and BA = block area.
Under losing conditions, leakage only can occur through the streambed, and therefore, RCL, the losing-stream coefficient, must be some fraction of the RCG coefficient. A 10 to 1 ratio between RCG and RCL was assumed. The streamleakage coefficients were adjusted during calibration by adjusting ARB.
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The altitude of constant stream stage for stream-leakage blocks, RHSS, was estimated from U.S. Geological Survey 7-1/2 minute quadrangle maps. The altitude at which the aquifer becomes hydraullcally detached from the stream, HB, was assumed to be 5 ft (Susquehanna River and lakes), 3 ft (Fishing Creek) and 1 foot (small streams) below RHSS. Below this altitude of stream-infiltration cutoff, the rate of flow from stream to aquifer will not increase due to decreasing head in the aquifer.
Recharge and evapotranspiration
Model input used to simulate recharge to and evapotranspiration from the ground-water flow system include the recharge rate (QRE matrix), a coefficient of evapotranspiration (ECSS), the altitude above which maximum evapotranspiration occurs (EHB matrix), and the altitude at which evapotranspiration equals zero (EHSS matrix). Precipitation for 1981 was about 5 in. below normal. Based on published ground-water discharge data and considering that some water would be lost to ground-water evapotranspiration, the average recharge rate for 1981 was estimated to be 10 in./yr for model blocks without streams. In streamleakage blocks, the recharge rate was reduced 10 percent for small streams and lakes, 50 percent for Fishing Creek, and 100 percent for Susquehanna River to account for those parts of the blocks that are assumed to be discharge areas. Due to the large percentage of discharge area, the recharge rate is reduced to about 9 in./yr when averaged over the entire model area.
The model computes the amount of evapotranspiration from the ground-water system based on ECSS, a head-dependent flow coefficient for evapotranspiration, and the relationships between the water-table altitude and the altitudes of maximum and zero evapotranspiration, defined, respectively, by the EHB and EHSS matrices. The rate is assumed to be a maximum value whenever the simulated water table is at and above EHB. The rate decreases linearly as the water table drops from EHB to EHSS and becomes zero at EHSS. The ECSS coefficient is defined by the following equation:
MET (4) ECSS = EHB-EHSS
where ECSS = evapotranspiration coefficient; MET = maximum evapotranspiration rate; EHB = altitude at and above which maximum evapotranspiration rate applies; and EHSS = altitude at which evapotranspiration rate equals zero.
The maximum evapotranspiration rate was assumed to be 12 in./yr (McGreevy and Sloto, 1980) . EHB and EHSS were defined to be 1 and 5 ft, respectively, below GRND.
Pumpage
Pumpage from the ground-water system is simulated in the model by using the WELL matrix. Pumping rates are entered for each grid block with significant ground-water withdrawals. Significant ground-water withdrawals during 1981 occurred at the Champion Valley Farms and Bloomsburg Mills well fields ( fig. 2) . A total rate of about 350 gal/min, was pumped from wells by Champion Valley Farms. The major water-bearing zones in well are at a depth of less than 200 ft below land surface. The pumpage from the wells was simulated by assigning the WELL rate equal to 0.26 and 0.52 ft /s (cubic feet per second) in upper-layer blocks 65, 10 and 65, 11, respectively. The Bloorasburg Mills well field (wells Co-51, Co-52, and Co-53) is pumped for air conditioning during the summer and early fall at an estimated rate of up to 1,000 gal/min. No information is available on the distribution of water-bearing zones at this well field. It was assumed that all pumpage was from the upper 300 ft. The total estimated pumpage for the summer was averaged over the entire year for the steady-state simulation by assigning constant WELL rates of 0.36 and 0.38 ft /s in upper-layer blocks 12, 11 and 13, 11, respectively.
Boundary flow
Ground-water flow across the northern border of the model area was simulated using a head-dependent, boundary-flow modification. The program modification allows for steady-state flow to occur in and out of a boundary block. The rate of flow depends on the difference between the head in the boundary block and an assigned constant head at the aquifer boundary some distance from the model border. Input for the head-dependent boundary (BHSS matrix) and a coefficient of flow (BCSS) are based on aquifer characteristics.
The ground-water divide at the crest of the Berwick anticlinorium was selected as the aquifer boundary. The BHSS matrix, the constant head at the aquifer boundary assigned to each boundary block, was estimated from waterlevel data in the area and in similar hydrogeologic settings. The BCSS coefficient was calculated from the following equation: BCSS = AQTvBHC DAB-DELX where AQT = aquifer thickness; BHC = hydraulic conductvity; DAB = distance to aquifer boundary; and DELX = width of boundary block.
BHC values were adjusted during steady-state calibration in order to simulate a reasonable amount of boundary flow. Initial values and calibration adjustments of BHC were consistent with those values and adjustments of other hydraulic conductivities used in the model.
Results
The ground-water flow model was assumed to be calibrated under 1981 average, steady-state conditions when simulated heads and base flows reasonably matched corresponding estimated heads and low flows. The goodness of the match between simulated and estimated heads was judged using three different methods. Simulated heads in the upper layer and estimated heads discretized from the water-table altitude map were compared using nonparametric statistics. Table 5 presents a statistical summary of the match between simulated and estimated water-table altitude by topography and bedrock hydrogeologic unit for the calibrated steady-state model. Simulated and estimated water-table gradients along selected rows also were compared ( fig. 7) . Finally, average water-table altitudes for 1981 for wells in the synoptic network were compared with simulated heads of the corresponding upper layer blocks (table 6). The match between simulated and estimated head for the calibrated steady-state model was judged to be acceptable within the range of uncertainty of the estimated watertable altitude.
Due to the lack of sufficient data, it was not possible to calibrate simulated and estimated heads in the lower layer. However, simulated heads in the lower layer were compared with simulated heads in the upper layer. In the slope area, heads in the lower layer generally were lower than those in upper layer. The median difference in head was 6 ft and the greatest difference was 20 ft. In the terrace area, heads in the lower layer generally were higher than those in the upper layer. The median difference in head was 0.2 ft and the greatest difference was 6 ft. These head relationships are in general agreement with the differences observed between shallow and deep bedrock wells in the slope and terrace settings. Locations of stream sections are shown on plate 1. As previously mentioned, average base flow for 1981 was expected to be lower than the estimated low flow because of the slightly higher water table on August 2-3, 1982 as compared to 1981 average conditions. In addition, summer and early fall pumpage at Bloorasburg Mills, which significantly decreased low flow in stream A, cannot be adequately modeled in an average simulation. Considering these problems of comparison, the steady-state model simulates to a reasonable degree changes in the rate of base flow along the indicated stream sections.
Final bedrock hydraulic conductivity values for the calibrated model are presented in table 7. The final calibrated value for the hydraulic conductivity of the outwash aquifer is 40 ft/d. Calibrated stream-leakage multipliers are 1.0 x 10-5 and i.o x 10~6 for RCG and RCL, respectively. The hydraulic conductivity values for boundary-flow coefficients are 2.7 x 10-2 an(j 2.7 x 10~3 ft/d for the upper and lower layers, respectively.
The model-simulated water budget for 1981 is presented in table 8. The simulated water budget indicates an average inflow rate of 7.24 ft /s for 1981. Of this, 93 percent is recharge from local precipitation and 6.6 percent from boundary flow. Stream D is the only stream that serves as source; leakage to the aquifer from the stream is 0.05 ft /s. Sixty-two percent of the outflow is discharge to streams, 21 percent is pumpage, and 17 percent is evapotranspiration. Less than 5 percent of the inflow (recharge and boundary flow) to the upper layer flows downward into the lower layer in the slope area. Boundary flow to the lower layer is about 12 percent of the total boundary flow, These waters flow upward into the upper layer in the terrace area. 2J Average of two grid blocks. (table 9) based on the timing of recharge, pumpage, and synoptic waterlevel measurements. Since the ground-water system was not considered to be at steady state on December 22, 1980, a 3 month lead-in period was included prior to December 22 so that transient effects from earlier recharge and pumping conditions would be taken into account.
Hydrologic variables that changed during the transient simulation were rates of recharge (QRE), evapotranspiration (ECSS), and pumpage (WELL). Aquiferstorage variables (SOWC, SZL, and SZU) were adjusted during calibration in order to match simulated and observed water-level fluctuations. Observed fluctuations included water-level changes measured in wells with continuous recorders as well as changes measured in wells in the synoptic network. .008
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Hydrologic Variables
Hydrologic variables in the steady-state calibration relating to aquifer geometry, except for the STRT matrix, were used in the transient calibration. Altitudes of constant stream stage, stream-infiltration cutoff, maximum and zero evapotranspiration, and head at the aquifer boundary from the steady-state simulation also were used. Hydraulic-conductivity values and stream-leakage and boundary-flow coefficients determined during the steady-state calibration were used in the transient simulation. The simulated, steady-state aquifer heads in the upper and lower layers were input as the STRT matrix at the beginning of the lead-in period for the transient simulation. The following sections discuss additional hydrologic variables of the transient calibration that were added or changed from the steady-state simulation.
Aquifer stqrage
Hydrologic variables that define the storage properties of the aquifers include the specific yield of the sand and gravel (SOWC), specific yield of the bedrock in the upper layer (SZU), and storage coefficient of the lower layer (SZL). Specific yields of the sand and gravel and bedrock hydrogeologic units in the upper layer were estimated from published values of Trainer and Watkins (1975) , Carswell and Lloyd (1979) , Becher and Root (1981) , and a gravity-yield study of Appleraan's Run, one mile north of the model area. The storage coefficient of the lower layer was assumed to be an order of magnitude less than the specific yield corresponding upper layer bedrock unit. A. program modification was added to calculate a weighted specific yield for those blocks that contained saturated sand and gravel.
Recharge and evapotranspiration
Recharge rates and evapotranspiration coefficients were input for each stress period. Recharge was proportioned based on an evaluation of well hydrographs using a method similar to that of Rasmussen and Andreasen (1959) . A maximum recharge of 10 inches was assumed for 1981. The estimated recharge and recharge rates for each period are given in table 9. The QRE rates were reduced in model blocks with streams as in the steady-state simulation.
Evapotranspiration was assumed to vary seasonally, the highest rates occurring from May to August, and no evapotranspiration occurring from December to March. Assumed maximum evapotranspiration rates for the stress periods are given in table 9. The EGSS coefficients were determined from equation 4 by using the maximum evapotranspiration rates.
Pumpage
Significant amounts of ground water were withdrawn during the transientcalibration period from the well fields of Champion Valley Farms (wells . In the Champion Valley Farms well field, wells were pumped during 1931 and until the beginning of March 1982. In March and April 1982, most of the water needed for the Champion Valley Farms plant was pumped from well Co-505. Pumpage from well Co-505 was assigned to the lower layer; the major water-bearing zone in this well Is at a depth of 510 ft below land surface. The Bloorasburg Mills well field was pumped for air-conditioning water from June to September 1981. Pumpage rates used in the model that simulate this ground-water withdrawal are given in table 9.
Results
The model was assumed to be calibrated under transient conditions for December 22, 1980 to April 21, 1982 when simulated head changes reasonably matched corresponding observed head changes. The goodness of the match was judged by comparing simulated head changes in the upper layer with water-level changes observed in wells that were measured as part of the synoptic network.
The water-level changes observed in wells between the synoptic measurements of December 22, 1980 , April 29, and December 8, 1981 , and April 22, 1982 were compared with simulated changes in corresponding grid blocks for stress periods 2, 6, 15, and 24 (table 10). Observed and simulated water-level changes at the end of each stress period for selected wells and corresponding grid blocks were also compared (figs. 8 and 9).
Transient calibration was considered complete when further adjustment of storage coefficients did not improve the match between observed and simulated water-level changes. The storage input was adjusted during transient calibration by topographic setting as well as by hydrogeologic unit. Adjustment of storage based on topography is conceptually justifiable and helped to improve the calibration. Final storage values for the calibrated transient model are presented in table 11. Calibration of the model with water-level changes caused by variations in recharge was more successful than the calibration with changes caused by both purapage and recharge. The variation in recharge is widespread and integrated over the entire model area; however, purapage is mostly from discrete fractures. Simulated water-level changes under pumping conditions in grid blocks corresponding to wells Co-154, Co-310, and Co-448 could not be matched in detail with those observed in the wells without significant local adjustments of hydraulic conductivity and storage. Such local adjustment was not done because it is not known how well the pumping effects observed in the wells are representative of average block conditions. Simulated rates of inflow and outflow for the stress periods in the transient calibration are presented in figure 10 . Rates of recharge and pumpage correspond to values presented in table 9. Simulated evapotranspiration rates for the stress periods ranged from 0 to 2.5 ft 3/s. The maximum rate was simulated for the stress periods between April 29 and September 4, 1981. Simulated rates for water taken into storage in the aquifers were as much as 36 ft 3 /s and simulated rates for water withdrawn from storage in the aquifers were as high as 5 ft 3 /s. The minimum and maximum rates of water taken into or from storage in the aquifers were simulated for the stress periods between January 31 to February 6, 1982 and July 31 to September 4, 1982, respectively. Boundary flow into the aquifers for the stress periods was about 0.45 ft /s and showed minimal variation. Simulated stream-leakage rates ranged from 2.3 to 9.3 ft 3 /s. The minimum rate was simulated for the period between July 31 to September 4, 1981. The maximum rate of discharge was simulated for the period between February 10 to February 28, 1981. 
MODEL USE
The model incorporates many generalizations and assumptions about the flow of ground water in a complex aquifer system. However, within limitations, the flow model can be used as a tool to guide the development and management of ground water in the model area. The model can be used to simulate, in a general way, the effect of both natural and artificial stresses on the ground-water system. Given a stress or combination of stresses, typically a change in ground-water recharge or withdrawal, the model can be used to simulate the corresponding average effects on water-table altitudes and stream leakage. Stresses that could be simulated include: (1) drought, (2) drought recovery, (3) reduced recharge due to urbanization, (4) increased recharge due to spray irrigation or recharge basins, (5) pumpage, (6) well injection, and (7) excavation dewatering. The more widespread the stress, the greater the probability that it can be successfully simulated by the model. The transient model is generally more useful than the steady-state model in simulating the impact of stresses because recharge and, in many cases, ground-water withdrawals are transient in nature, varying seasonally and annually. The ground-water flow system typically never reaches steady-state conditions because the stresses are changing constantly. Examples of transient simulations under hypothetical stress conditions are presented in the following section.
Three, 10-year simulations were made using the transient model under hypothetical stress conditions in order to demonstrate model use. The effects of three, ground-water development schemes were simulated. The natural stress simulated, recharge varying on a seasonal and annual basis, was kept constant for all three examples.
Hydrologic Variables used in Example Simulations
Recharge, evapotranspiration, and purapage variables were input into the calibrated transient model. Maximum annual recharge was varied from year to year in order to simulate times of decreased (drought) and increased recharge (drought recovery). A four-year drought of increasing severity was simulated in years 4, 5, 6, and 7. Hypothetical annual recharge for the example simulations is presented in the following Based on long-terra hydrographs from wells Co-1 and Co-45 ( fig. 3) , the example simulations were divided into two stress periods per year. The highest recharge and lowest maximum evapotranspiratIon rates were input for the October to March simulation period. The simulated, annual-high water-table altitude and base flow occur at the end of the October to March period. The lowest recharge and highest oiaxLnum evapotranspiration rates were input for the April to September simulation period. The simulated, annual-low water-table altitude and base flow occur at the. end of the April to September period* Recharge was distributed as a percentage of the total annual recharge per 6-month period based on the distribution of recharge in 1981 used in the transient calibration. In the transient-calibration simulation about 70 percent of the recharge for 1981 occurred during the October to March period and 30 percent during April to September period. Maximum evapotranspiration rates for the periods were the weighted averages of the respective values from the transient calibration simulation. Maximum evapotranspiration rates of 4 and 20 in./yr were input for the October to March and April to September periods, respectively.
Three hypothetical ground-water development schemes were modeled in the example simulations (table 12) . In simulation I, pumpage was continued unchanged from that in 1982. In simulation II, pumpage was increased at the Champion Valley Farms well field. In addition, purapage was increased at the Columbia County Development Authority well field (wells Co-204 and Co-205), which had insignificant withdrawal in 1982. In simulation III, pumpage from three hypothetical well fields was added to the pumpage in simulation II. The simulated pumpage from two of the hypothetical well fields was seasonal. Yearround pumpage was increased about 165 percent between simulations I and II. Year-round and seasonal pumpage was increased about 25 and 180 percent, respectively, between simulations II and III.
Results
The impact of the natural and pumping stresses of the example simulations on water-table altitudes and base flows was evaluated by observing the simulated effect on water levels in selected grid blocks ( fig. 11 ) and leakage to selected streams (figs. 12 and 13). In addition, the simulated differences in water-table altitudes between the three pumpage schemes at the end of the hypothetical drought was contoured (plate 6).
As indicated by figure 13 and plate 6a, the increased pumpage between simulations I and II had a significant effect on water-table altitudes and base flow in the eastern part of the model area. Increased drawdown exceeded 20 and 35 ft between and near the eastern well fields at the end of the drought, respectively. In simulation I, stream C became a losing stream only during April to September in years 6 and 7. In simulation II, stream C was a losing stream in both seasonal periods in years 5, 6, and 7.
Additional pumpage in simulation III had less of an impact on water-table altitudes and base flow than the increase in pumpage between simulations I and II ( fig. 13 and plate 6b) . Increased drawdown was only slightly greater than 15 ft near the eastern well fields; and 10 ft near the central and western well fields. Simulated leakage rates for stream C were virtually unchanged between simulation II and III. Stream A became a losing stream during April to September in year 7 in simulation III.
The impact of the overall increased pumpage between simulations I and III are shown on plate 6c. Increased drawdown exceeded 20 ft between the three western most well fields. Increased drawdown near the middle of these three exceeded 40 ft. 42 SUMMARY A numerical model of ground-water flow was developed for the bedrock and glacial-outwash aquifers along the Susquehanna River in Columbia County, Pennsylvania. The 10.3-mi model area, located on the north side of the Susquehanna River between Berwick and Bloorasburg, east-central Pennsylvania, is underlain by clastic and carbonate bedrock and glacial-outwash sand and gravel. The bedrock and sand and gravel aquifers act as a single complex, water-table system.
The two-layered model developed during the project simulates ground-water flow based on the following hydrologic conditions: (I) hydraulic conductivity differs according to hydrogeologic unit, structure, topography, and depth below land surface; (2) aquifer storage differs according to hydrogeologic unit, topography, and depth below land surface; (3) head-dependent stream leakage differs according to stream type and trend, hydrogeologic unit, and type of leakage (gaining or losing conditions); and (4) head-dependent boundary flow differs according to distance to the aquifer boundary and hydraulic conductivity.
The flow model was calibrated under average steady-state conditions for 1981 and transient conditions from December 22, 1980 to April 21, 1982 . In the steady-state calibration, hydraulic conductivity and stream leakage variables were adjusted in order to simulate estimated water-table altitudes and low flows. The simulated steady-state water budget for 1981 indicates an average inflow rate of 7.24 ft /s. Ninety-three percent of inflow is recharge from precipitation and 7 percent is boundary flow. Outflow is through leakage to streams (62 percent); pumpage (21 percent); and evapotranspiration (17 percent). In the transient calibration, aquifer-storage variables were adjusted in order to simulate observed water-level changes caused by natural and pumping stresses. The transient model was more successful in matching the natural water-level fluctuations observed in wells due to variations in recharge than those changes caused by pumping stresses. Recharge is a more widespread stress than groundwater withdrawal, which occurs, to a large degree, along discrete bedrock fractures.
Three 10-year, hypothetical stress schemes were simulated with the calibrated transient model to demonstrate model use. The general impact of three pumpage schemes on water-table altitudes and base flows were evaluated under hypothetical natural stress conditions (drought and drought recovery). In simulation I, purapage was continued unchanged from that in 1982. Year-round pumpage was increased about 165 percent between simulation I and II. Between simulations II and III, year-round and seasonal pumpage was increased about 25 and 180 percent, respectively. Increased pumpage between simulation I and II increased drawdown more than 20 ft in the eastern part of model area. In simulation I, a stream in the eastern part became a losing stream in the dry seasonal period during two years of the drought. In simulation II, the stream became a losing stream in both seasonal periods during three years of the drought. Increased pumpage between simulations II and III increased drawdown about 15 ft in the eastern part and 10 ft in the central and western parts. In simulation III, a stream in the western part became a losing stream in the dry seasonal period during one year of the drought.
